The intraspecific genetic diversity of the kelp Undaria pinnatifida (Harvey) Suringar (Laminariales, Phaeophyceae) was investigated using DNA sequences of the mitochondrial cytochrome oxidase subunit 3 (cox3) gene and internal transcribed spacer 1 (ITS1) of nuclear ribosomal DNA in plants collected from 21 localities along the Japanese coast between 2001 and 2003. Morphological variation was also examined and compared with the genetic diversity. Cox3 analyses of 106 plants revealed 9 haplotypes (I-IX) that differed from each other by 1-7 bp (all synonymous substitutions). Haplotype I was distributed in Hokkaido and the northern Pacific coast of Honshu, while haplotype III was found along the Sea of Japan coast of Honshu. Other types were found along the central and southern coast of Honshu. ITS1 analyses of 42 plants revealed 0-1.7% nucleotide differences, but plants from the Sea of Japan coast and northern Japan had similar sequences. The lower genetic differentiation along the Sea of Japan and northern coasts might be due to the recent establishment (after the middle of the last glacial period) of the Sea of Japan flora. The cox3 haplotype of cultivated plants was found in natural populations occurring close to cultivation sites (Naruto, Tokushima Pref., and Hokutan, Hyogo Pref.). This suggests that cultivated plants possibly escaped and spread or crossed with plants of natural populations. Morphological analyses of variation in 10 characters were conducted using 66 plants. The results showed no significant local variation owing to the wide variation in each population and did not support any forma previously described. No correlations between the morphological characters and cox3 haplotypes were detected.
Introduction
Undaria pinnatifida (Harvey) Suringar is one of the most important edible seaweeds in Japan. Although endemic to Japan, Korea and China, this species has been reported around the world as an invasive seaweed (Hay, 1990; Castric-Fey et al., 1999; Stuart et al., 1999) . In Japan, U. pinnatifida grows along the coasts of Kyushu, Shikoku, Honshu and Hokkaido (Saito, 1972) , except in areas largely affected by the Japan Current (Kuro Shio: warm) and the Kurile Current (Oya Shio: cold). Wide morphological variation has been observed among local Japanese populations, and two forms have been described (f. typica and f. distans; Yendo, 1911; Okamura, 1915 Okamura, , 1936 . These forms are distinguished on the basis of the distance between the sporophyll and blade (in f. typica the sporophyll and blade are continuous, whereas they are separated by a long stipe in f. distans), and difference in the depth of the incisions of the blade. The inner margin of the incision occurs much closer to the midrib in f. distans compared to f. typica). However, on the basis of cultivation experiments carried out at the same site with strains of both forms, some morphological features, such as the longest pinnate blade (character 4 (ch4) in Fig. 1 ) and maximal length between the inner margin of the incision and midrib (ch6 in Fig. 1 ), were shown to be affected by environmental factors. On the other hand, the stipe length (ch3): total length (ch2) and number of pinnate blades: total length ratios were stable even in different environmental conditions; that is, they were genetically fixed in each local population (Saito, 1962) . Nonetheless, the genetic backgrounds of these morphological variations are unknown.
Since the 1960s, mariculture of U. pinnatifida has been conducted in various regions throughout Japan using strains established from indigenous populations and/or other regions. For example, cultivated strains in the Naruto strait, between Hyogo and Tokushima Prefectures, were derived from plants of Touhoku Province on the northeastern Pacific coast of Honshu (Ohno et al., 1999) . Similarly, strains for mariculture have been introduced from Touhoku Province to Toba, Mie prefecture, from Naruto to Toyama bay, Toyama Prefecture, and from Shimabara, Nagasaki Prefecture to Hakata bay, Fukuoka Prefecture. Such introductions are suspected to affect the genetic structure of local U. pinnatifida populations. Studies of intraspecific genetic diversity are essential for detecting differentiation among local indigenous populations and finding cryptically introduced populations. In the present study, we surveyed morphological and genetic variation among 21 Japanese U. pinnatifida populations and investigated the possible correlation between these two sets of data. The molecular marker selected was the mitochondrial cytochrome oxidase subunit 3 (cox3) gene. In addition, we examined cultivated strains at three localities to detect suspected genetic disturbance caused by mariculture.
Materials and methods

Sampling
Samples were collected between 2001 and 2003 from 21 localities along the Japanese coast ( Fig. 2 and Table 1 ). Two to thirty plants were collected randomly from each population; 2-10 individuals were used for molecular analyses (Table 1) . Cultivated plants were also collected from three localities (Toba, Shimabara and Naruto, Table 1). After remotion of a small fragment of blade, which was dried in silica gel and subsequently used for DNA extraction, the plants were fixed in 10% formalin/seawater for morphological analyses.
Molecular analyses
Genomic DNA was extracted and purified using a Geneclean II Ò kit (Bio 101 Inc., Vista, CA, USA) as described in Kogame et al. (1999) . The purified DNA was used as template DNA in a polymerase chain reaction (PCR) to amplify the cox3 gene and nuclear ribosomal DNA internal transcribed spacer 1 (ITS1) region including the 5¢ terminal of 5.8S rDNA. The primers used were Pha18EF and Pha5.8ER for ITS1 (Uwai et al., 2001 ) and CAF4A (5¢-ATGTTTACTTGGTGRAGRGA-3¢) and CAR4A (5¢-CCCCACCARTAWATNGT-NAG-3¢) for the cox3 gene (Kogame et al., 2005) . Primers ITS1 and ITS2 (Yotsukura et al., 1999) were also used for ITS1 region. PCR was carried out according to Kogame et al. (1999) , except for 50°C annealing in PCR of cox3. Sequencing was performed using an ABI PRISM BigDye terminator Cycle sequencing Ready Reaction kit v. 3.0 (Applied Biosystems, Forester City, CA, USA) and ABI PRISM 310 Genetic Analyzer (Applied Biosystems) according to the manufacturer's instructions. Because of numerous GC repeats, DMSO was added (final volume: 5%) and 98°C denaturation was adopted in the cycle sequencing reactions of the ITS1 region. Sequences of ITS1 and cox3 were aligned by eye and absolute differences were calculated using PAUP*4.0b10 (Swofford, 2003) . Phylogenetic relationships among haplotypes and ITS1 sequences, were inferred using Maximum likelihood (ML) and quartet-puzzling (10 000 replicates) methods, as implemented in PAUP*4.0b10. For ML and quartet-puzzling methods, Modeltest v.3.06 (Posada & Crandall, 1998) was used to estimate an appropriate substitution model for our datasets. Alaria crassifolia Kjellman (DNA database accession number AB213039) was included as the outgroup taxon in the cox3 dataset. Since traditional phylogenetic methods assuming a bifurcating tree could not properly infer the intraspecies phylogeny (Posada & Crandall, 2001) , phylogenetic relationships among cox3 haplotypes were inferred using the statistical parsimony networking approach implemented in TCS 1.13 (Clement et al., 2000) and reduced median network analysis with Network 3.1.1.1 (Bandelt et al., 1995; www. Fluxus-engineering.com) . Alignments of cox3 and ITS1 were submitted to Treebase (http://treebase.bio. buffalo.edu/treebase/).
Morphometric study
Ten characters selected according to Saito (1962 Saito ( , 1972 and Kito et al. (1981) were used for the morphometric study (ch1-10, Fig. 1 ). The plants used were the same as those used in the molecular analyses; however, for some localities plants not used in the molecular analyses were also included in order to get a better characterization of the morphological variation (Table 1) .
Results
Molecular analyses
Mitochondrial cox3
Four hundred and seventy bp of cox3 gene (57% of the total 819-bp sequence) were sequenced and compared among 106 U. pinnatifida plants. Nine haplotypes were found (accession number of DNA database AB213030-AB213038). No insertions or deletions (indels) were detected. Haplotypes differed from each other by 1-7 base substitutions (Table 2) ; all substitutions were found at the 3rd codon position only (synonymous substitution).
Among the populations examined, two prevailing haplotypes were found (Fig. 2) . One (type III) was found in populations along the Sea of Japan coast of Honshu (populations 7, 9, 10 and 19 in Fig. 2 ; also see Table 1 ) and in Tsuyazaki along the Sea of Japan coast of Kyushu (population 20). The other (type I) was found in populations in Hokkaido (populations 1-6), along the northeastern Pacific coast of Honshu (populations 8 and 11), in Naruto (population 18) and in cultivated plants from Toba (population 15) and Naruto (population 24). Each of these populations, except for Tsuyazaki (population 20) and Moheji (population 5), had only one haplotype (Fig. 2) . These two prevailing haplotypes coexisted only in Hokutan (population 16). Two haplotypes were seen in Shimoda (population 13); one of these, type II, was also found in Hamashima (population 14) and Moheji (population 5), whereas the other, type VIII, was unique. Samples from Oiso (population 17), Oita (population 23), Kominato (population 12) and Nagasaki (population 21) had only one haplotype, although haplotype VI from Nagasaki was also found in cultivated plants from Shimabara (population 22), the locality neighboring Nagasaki. Remarkably, however, all sympatric haplotypes (I and II, III and IV, II and VIII) differed by a one base substitution; Hokutan was the only exception, since two haplotypes (I and III) showed a three base difference. The intraspecific phylogenetic relationship among haplotypes was inferred by ML and quartet-puzzling methods, but no apparent relationship was observed in the ML tree (data not shown); all haplotypes were divided by a polytomy. In the quartet-puzzling tree (Fig. 3) , haplotype IX was separated from all others, which were divided into three clades: types III, IV and VI; types I and VII; and types II, V and VIII. The clade including types III, IV and VI, and that including types I and VII were grouped, but no significant quartet-puzzling value was obtained in the tree, except a moderate value (81%) for the clade including types III and IV.
Since haplotypes differed by only 1-7 base substitutions (Table 2 ) and since relationships between individuals within a species are not hierarchical, we also inferred the phylogenetic Table 2 . (Fig. 4) . Haplotypes I and II, found in several localities were linked through a single mutation (by a single node in Fig. 4) to each other. Type III was linked to a sympatric singleton (type IV); however, it was also linked to other haplotypes through more than three mutations. Haplotypes V and IX, both found in only one locality, were linked to other haplotypes through more than two mutations.
ITS1 region of nuclear ribosomal DNA
The partial ITS1 region of 42 U. pinnatifida plants was determined; 309-bp sequences (including gaps and 120 bp of 5.8s rDNA) were aligned and compared (Fig. 5) . Fourteen sequences were found from samples we used (accession number of DNA database AB213040-AB213052, and a sequence same as AF319007 by Yoon et al., 2001 ). The Japanese populations of U. pinnatifida had 0-1.7% nucleotide differences in their ITS1 regions (Table 2 ). The ITS1 sequences showed no patterns that could be correlated with the geographic origin of the plants. Overall, each mutation was observed in a single plant and was not shared among plants; exceptionally, differences in positions 139-161 (Fig. 5) were shared among plants. In positions 139-161, the sequence was identical in almost all plants (Fig. 5) ; however, plants from Oita (population 23) had a unique sequence. Similarly, a unique sequence in this portion was shared by some plants from Hamashima (population14), Kominato (population12), Oma (population 8; Oma4, 6, 9 and 10) and Shimoda (population 13), although the prevailing sequence was also found in Oma (Oma1 and 3). In Shimoda, one more type of sequence was found.
The ML trees inferred from the ITS1 regions did not show any phylogeographic correlations and resulted in polytomy among most samples (data not shown). In the tree, all samples from Sea of Japan coast and northern Japan, except for samples from Oma (Oma4, 6, 9 and 10), were included within a clade. Samples from Oma (except for Oma1 and 3) and those from Oita formed each clade. Relationships between these two clades and between these two clades and a clade including samples from Shimoda, were not clear (polytomy), although these three clades became monophyletic. Almost all clades, however, were supported by a low quartet-puzzling value (below 70%) except for a clade of Oita (82%), Oma (82%) and a clade including samples from the Sea of Japan and the northern Japan (73%) except for Nagasaki2, Rishiri5 and Wakkainai3.
Morphometric analyses
Each morphometric character considered showed a wide range of variation in each population. In addition, the range of variation of each character largely overlapped among populations, no population showing a value remarkably different from those of other populations, although samples from Shimoda and Miyagi tended to show higher values (Fig. 6) . Figure 6 shows the morphological variation in ch3 and ch10 (Fig. 6a ), ch6 and ch4 (Fig. 6b ), ch2 and ch7 (Fig. 6c ) and ch2 and ch5 (Fig. 6d) , all of which are responsible for the appearance of the plant. Ch3 and ch10 showed a wide range of variation in each population. With ch3, all values examined were completely included in that of Miyagi. Values of ch2, ch7 (except in Shimoda, Fig. 6c ) and ch5 (Fig. 6d) were largely similar and overlapped. The situation was similar with ch9 and ch1 (data not shown); with the latter, values were zero in most samples. Although values overlapped throughout the majority of ranges, some differences among populations were observed for ch6 and ch4 (Fig. 6b ). Values were similar between Tsuyazaki and Kominato and between Tappi and Hokutan, despite the distance between these localities. Although Tappi and Hokutan shared the type III cox3 haplotype, other localities sharing this haplotype did not show similar values.
Discussion
The present study revealed intraspecific genetic diversity in the mitochondrial cox3 gene and nuclear ribosomal ITS1 region of Japanese U. pinnatifida. Although we examined only two to five individuals in many populations, the present results strongly suggest higher genetic diversity in southeastern Japan (populations 12-14, 20, 21, and 23 ) than along the coasts of the Sea of Japan and northern Japan; in many localities in southeastern Japan, unique haplotypes were found. Furthermore, these haplotypes differed from each other by two or three substitutions rather than only one substitution, as found in northern Japan and along the Sea of Japan. A similar situation was found with regard to the ITS1 region; populations from the coasts of the Sea of Japan and northern Japan had similar sequences, and each of the five Pacific coast populations (Oita, Hamashima, Shimoda, Komainato and Oma) had a unique sequence, especially on the indels at positions 139-161. Although a much larger number of samples should be examined, the lower genetic differentiation among populations along the Sea of Japan coast compared to the Pacific suggests that colonization in northern areas and the Sea of Japan occurred more recently than Figure 5 . Partial alignment of the ITS1 region of Undaria species. The sequence same as AF319007 (Yoon et al. 2001 ) was found from following samples: Tsuyazaki 2, 5, 7; Yamagata 3, 6; Oma 1; Tappi 7; Oshoro 5, 8; Moheji 12, 15; Muroran 058, 064; Hokutan 3, 9; Oiso6; Miyagi 1, 7; Toba1. ITS1 sequence of AB213047 (Muroran510, Hokutan 2 and Moheji 3), AB213045 (Toyama 2), AB213046 (Tappi 6), AB213044 (Oma3), and AB213041 (Naruto 5) had a same sequence in this portion. AB213049 (Shimoda2 and 9) was same as AB213048 (Shimoda8). Sequences of Rhishiri5 and Nagasaki 2 were same as that of AB213043 (Wakkainai 3).
along the southwestern Pacific coast. Ohba et al. (1991) examined microfossil assemblages in piston core samples and revealed that input of a large amount of freshwater into the surface layer and stratification of the water column in the Sea of Japan during the middle period of the last glacial (27 000-20 000 years ago) caused severe anoxic conditions, with extinction of benthic fauna in the Sea of Japan. A similar scenario can be hypothesized for the seaweed flora of this region, which might have been established after the beginning of the inflow of the Oya Shio cold current from the Tsugaru strait (between Hokkaido and Honshu) or the subsequent inflow of the Tsushima warm current from the Tsushima strait (between Korea and Kyushu). The terminal position of type III in the network tree, in spite of its wide distribution, also suggests recent expansion of this haplotype around the Sea of Japan; in general, old haplotypes with wide geographical distribution are placed internally in the network tree (Posada & Crandall, 2001; Keirstein et al., 2004) , as with haplotype I in our tree. The quartet-puzzling tree did not provide significant quartet-puzzling values and haplotypes VI (Nagasaki), IX (Oita) and I (Northern Japan) were equally different from type III. For this reason it was not possible to clarify the colonization route of U. pinnatifida into the Sea of Japan; however, the close phylogenetic position of type VI to type III compared to type I in the quartet-puzzling tree suggests that this species moved from the eastern coast of Kyushu northwards to the Sea of Japan when the inflow of the Tsushima warm current began. A similar colonization pattern into the Sea of Japan was reported for the Japanese turban shell (Kojima et al., 1997) and the ulvophycean genus Blidingia (Woolcott et al., 2000) .
In the present study, 0-1.3% nucleotide differences in cox3 and 0-1.7% in ITS1 were found among U. pinnatifida populations. At present, genetic diversity in the phaeophycean cox3 gene is relatively unknown in other group. Kogame et al. (2005) reported ca. 4% cox3 mutations in sexual populations of Scytosiphon lomentaria along Hokkaido. Compared with the diversity of S. lomentaria, the divergence in cox3 among U. pinnatifida populations was small. Although Kogame et al. (2005) examined three sexual populations in a limited geographic range and found a much larger amount of cox3 variation than in the present study, nucleotide differences of cox3 and ITS2 were similar (3-4%); both cox3 and ITS1 had less than 2% intraspecific diversity in U. pinnatifida (Table 2) . Although ITS and IGS regions are reportedly polymorphic within single species of brown algae, it is sometimes difficult to determine their sequences clearly maybe due to intraindividual polymorphism. In contrast, mitochondrial markers are usually maternally inherited in brown algae, and therefore, intraindividual polymorphism is less known (also see, Steel et al., 2000; Coyer et al., 2004) . Therefore, although substitutions were infrequent in Undaria, we consider cox3 useful for intra-and interspecific studies of Phaeophyceae as an organelle-genomic marker.
With cultivated plants obtained from Toba (population 15) and Naruto (population 24), the cox3 haplotypes corresponded with that of the locality from which the cultivated strains were introduced. Cultivated plants of Toba and Naruto had a haplotype (type I) that was also found in Touhoku Province, from where the cultivated strains of these region were established. However, the population in Hamashima, a locality neighboring Toba, had a different haplotype, suggesting that no genetic disturbance occurred in this region. Although U. pinnatifida is cultivated in Tsuyazaki and Toyama, natural populations in these localities had cox3 haplotypes (types III and IV in Tsuyazaki, and III in Toyama), different from those observed in the original regions (types VI and I, respectively) of their cultivated strains. Therefore, no disturbance, as a result of cultivation, in the genetic differentiation of natural populations took place in Tsuyazaki, Toyama and Hamashima. Conversely, genetic disturbance might have been caused by mariculture in the natural populations of Naruto and Hokutan, both located around Awaji Island. Two plants from Hokutan and all plants from Naruto had a type I cox3 sequence, which seems to have been introduced from northern Japan through Undaria cultivation. This is in agreement with the fact that the cultivated strains used in this region were brought from Touhoku Province (Ohno et al., 1999) and that cultivated plants in Naruto had a type I cox3 haplotype. It is suggested therefore that cultivated plants escaped and spread or crossed with plants of natural populations around Naruto and Hokutan. Although it is unknown whether this genetic disturbance is the source of problems, such as ecological disturbance, for the purposes of conservation of genetic diversity it is important to understand the genetic structure of populations affected by human activities. The cox3 haplotypes of U. pinnatifida might also be a valuable tool for determining the origin of this species around the world.
A discontinuous distribution of the type II cox3 that was found in Moheji, Hokkaido and in the southern Honshu (Hamashima, Mie Prefecture and Shimoda, Shizuoka Prefecture) also could be considered by anthropogenic introduction. However, in this case, sequences of sympatric haplotypes did not help to speculate which region is the recessive region. Furthermore, sequence similarity suggests that type II cox3 could be derived from both type I in the northern Japan and type VIII in Shimoda, through single substitution. Therefore, it is also plausible that type II cox3 found in Moheji and Shimoda/Hamashima independently derived from type I and type VIII, respectively. Additional data, for example other region of mitochondrial genome, would clarify whether this situation is due to anthropogenic introduction or not.
In contrast with the molecular data, no local populations showed a fixed and unique range of morphological variation for any character. In the morphometric comparison among populations, the values measured were very variable within each population, and only small differences among populations were shown, even in characters such as ch6 and ch4, which are considered morphological markers of different forms. The longest pinnate blade: longest length between the basal top of the incision and midrib (Fig. 6b, ch4/ch6 ), and midrib width: total length (Fig. 6c , ch7/ch2) seemingly showed variation among populations in the present study, but no relationship between similarities in these values and genetic similarities were shown using cox3 and ITS1 sequences. Saito (1962) reported that the following morphological characters of U. pinnatifida were different among indigenous populations and seemed not to be affected by environmental conditions; the ratio of stipe length to total length, the ratio of number of pinnate blades to total length, and the number of sporophyll wrinkles. However, his discussion was based on the averages of these values, and his conclusions cannot be compared directly with our results. Large morphometric variation was also reported by Saito (1962) ; for example, the largest thallus was 98 cm in length in Shimoda, where the average was 67.2 cm. These values were similar to those of the present study. In contrast with Saito (1962 Saito ( , 1972 , Taniguchi et al. (1981) and Kito et al. (1981) reported considerable variation in the values of morphometric characters between cultivated plants and their parental natural plants. The results of our morphometric analyses are concordant with these observations based on cultivated plants and we consider the local differences within U. pinnatifida to be difficult to separate.
